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A wide variety of cellular stresses can initiate
apoptosis, or programmed cell death. Recent work
shows that the mechanism involves stress-activated
protein kinase pathways, although the targets of these
pathways are unknown at present.
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Apoptosis, or programmed cell death, is an active process
fundamental to the development and homeostasis of
multicellular organisms. It is characterized by dramatic
morphological alterations, particularly membrane blebbing,
cell shrinkage and chromatin condensation, and is accom-
panied by fragmentation of the nuclear DNA, ensuring
genetic death. Apoptosis can be triggered by a wide variety
of cellular stresses, including DNA damage, UV radiation,
ionizing radiation, heat shock and oxidative stress, as well
as by extracellular stimuli acting through cell-surface
receptors. Nevertheless, most cells undergoing apoptosis
exhibit a similar series of changes, suggesting that these
signals converge to engage a common pathway leading to
cell death. 
Recently, significant advances have been made in
understanding the molecular mechanism of the execution
phase of apoptosis. Central to the cell-death machine are a
family of cysteine proteases related to interleukin-1-b
converting enzyme (ICE), which become activated, possi-
bly in a proteolytic cascade, and cleave specific substrates
[1]. The apoptotic pathway is controlled by a family of pro-
teins related to the prototype Bcl-2, which can function
either as agonists — such as Bax or Bak — or antagonists —
such as Bcl-2 or Bcl-XL — of apoptosis. Genetic and bio-
chemical experiments suggest that Bcl-2 family members
function upstream of the ICE-like proteases, and control
the activation of the protease cascade (Fig. 1) [1,2].
The triggering of this protease cascade following ligation
of the Fas cell-surface receptor involves the recruitment of
an ICE-like protease to the receptor complex [3].
However, the mechanisms regulating the initiation of the
apoptotic pathway by other stimuli have been less clear.
Many forms of cellular stress that can result in apoptosis
cause activation of recently identified cellular signalling
cascades of protein kinases, the stress activated protein
kinases (SAPKs), also called c-Jun N-terminal kinases
(JNKs), and the p38/RK kinases [4,5]. The components of
these pathways — activated in more physiological con-
texts by inflammatory cytokines — are distinct from the
components of the extracellular signal regulated kinase
(ERK) pathway which transduces proliferative signals.
However, the protein kinases of the ERK, SAPK and
p38/RK pathways all belong to the same family of mitogen
activated protein (MAP) kinases. These MAP kinase path-
ways amplify the original signal by the activation of
sequential phosphorylation reactions. The emerging
picture is that eukaryotes as diverse as yeast and mammals
have independently regulated, parallel signal transduction
pathways that activate different members of the MAP
kinase family. Thus, members of the ERK family are acti-
vated by proliferation signals, whereas many forms of cel-
lular stress lead to the activation of the SAPK and p38/RK
pathways [4].
Figure 1
An outline of the apoptotic pathway in cells responding to stress
stimuli or inflammatory cytokines. The early steps in the pathway are
poorly understood, but recent evidence has implicated SAPKs. See
text for details.
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Although the different MAP kinase pathways may contain
components which are structurally similar, they probably
have different downstream targets and mediate very
distinct biological functions. It is possible that the balance
and/or threshold level of activation of one pathway versus
the other — ERK versus SAPK and p38/RK — may
determine whether a cell is going to proliferate or die (Fig.
2). However, it is not yet clear whether different pathways
can be activated in a single cell at the same time and
whether, in order to engage the apoptosis machinery, the
cell needs to switch off the proliferation and/or survival
signal pathways as well as activate the stress pathways. In
some cell types, such as PC-12 cells, direct, selective acti-
vation of ERK prevents cell death and suppresses the
SAPK and p38/RK pathways, whereas concurrent activa-
tion of SAPK and p38/RK and inhibition of ERK are nec-
essary for apoptosis [6]. Given that some of the upstream
signals appear to be shared between pathways leading to
cellular proliferation and cell death, cross-talk between
different ERK and SAPK/p38/RK pathways is likely to
exist within the cell.
The role of Ras in the activation of cell-proliferation
pathways is reasonably well understood, and involves
recruitment to the plasma membrane and activation of the
protein kinase Raf-1 by Ras–GTP. Activated, oncogenic
Ras has also been shown to act as an apoptosis inhibitor
[7]. However, recent evidence suggests that both Ras and
Raf-1 may be involved in mediating some of the stress
signals resulting in cell death. Thus, in most cellular back-
grounds, mitogens that act through receptor tyrosine
kinases cause activation of Ras and the ERK cascade, but
induction of apoptosis by both tumour necrosis factor a
(TNF-a) and Fas has also been shown to require Ras
activation [8,9]. Recently, Raf-1 has been implicated in
mediating some of the stress signals generated by ionizing
radiation [10]. Therefore, although Ras and Raf may be
common upstream signalling factors for both proliferation
and cell-killing pathways, additional factors are likely to
be involved in determining pathway specificity and the
response of the cell (Fig. 2).
Activation of the SAPK and p38/RK pathways by cell-
surface receptors, like activation of the classical MAP
kinase (ERK) pathway, involves recruitment of an initiat-
ing kinase to the plasma membrane. In yeast, the Ste20
kinases play this role, interacting with Cdc42, a Rho-
related member of the Ras superfamily of GTPases [4]. In
mammals, the Ste20-related kinase PAK-1 can induce
activation of the SAPK and p38/RK pathways and is simi-
larly activated by binding to the active forms of Rac-1 and
Cdc42 GTPases [11,12]. To date, the immediate down-
stream effectors of PAK-1 are still uncertain, although it
may function as a direct activator of the components of
SAPK pathway. The mechanisms controlling the activa-
tion of the SAPK and p38/RK pathways from cellular
stresses are much less clear. Other kinases with similarity
to Ste20, such as GC kinase, have also been implicated in
the signal transduction from cellular stresses, although in
this case, activation of GC kinase leads to activation of
only SAPK, and not p38/RK [4].
Ceramide has been suggested to be a lipid second
messenger for a variety of stress signals, including TNF,
Fas, heat shock, ultraviolet light and ionizing radiation
[13]. Recent evidence has linked extracellular stresses to
the activation of cellular sphingomyelinases and conse-
quent generation of ceramide [14]. Hydrolysis of sphin-
gomyelin to form ceramide has been shown to result in
apoptosis by activation of the SAPK pathway [15]. The
intracellular balance between different sphingolipid
metabolites may play an important role in determining
cell fate. Thus, sphingosine and sphingosine-1-phosphate,
which are metabolites of ceramide, activate the ERK
cascade and induce cellular proliferation. Sphingosine-1-
phosphate also counteracts ceramide-induced activation of
SAPK pathway and inhibits apoptosis [16]. Direct
downstream targets of ceramide have also been described
and include Raf-1, which is activated by binding to
ceramide in response to the inflammatory cytokine inter-
leukin 1 (IL-1) [17], ceramide-activated protein kinase
(CAPK), ceramide-activated protein phosphatase (CAPP)
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Figure 2
Cross-talk between different MAP kinase pathways. The ERK pathway
acts downstream of mitogens to induce cell proliferation, whereas the
SAPK pathway induces cell death by apoptosis. See text for details.
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and protein kinase C z [13]. With the possible exception
of Raf-1, however, the roles of these proteins in regulating
cell death is not known.
Although most of the cellular stresses that induce the
SAPK cascade also induce the p38/RK pathway, there are
some distinctions [5]. The availability of specific inhibitors
that target components of the different stress-activated
pathways may help to elucidate differential activation of
the SAPK and p38/RK cascades [18].  The two pathways
also activate distinct downstream effectors. The SAPK
pathway results in phosphorylation and activation of
several transcription factors, such as ATF2, Elk-1 and
c-Jun, whereas the p38/RK pathway results in phosphoryla-
tion of the transcription factors ATF2 and Max; p38/RK
also phosphorylates MAPKAP kinase-2, which in turn
phosphorylates heat shock protein 27 [18].
One of the critical questions that remains to be answered is
how the stress-activated pathways cause activation of the
apoptotic proteases. The best characterized downstream
targets of the SAPK and p38/RK pathways are transcription
factors. It remains to be elucidated whether the activation
of transcription of specific genes is the sole mechanism pro-
moting cell death in response to stress signals, or whether
more direct mechanisms are involved. Another important
question is how the SAPK and p38/RK pathways interact
with other regulators of the apoptotic pathway, particularly
Bcl-2 family members. At present, a genetic model for
these interactions is lacking, but the development of
reagents to specifically control different MAP kinase path-
ways, either inhibitors or dominant mutant proteins, may
facilitate further biochemical studies.
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